A complete synthetic medium containing 15 amino acids, a minimal synthetic medium (GAMS) containing 4 amino acids, and a supplemented minimal medium (GAMS + calcium pantothenate) have been developed for the cultivation of Hyphomicrobium neptunium ATCC 15444. Depending on the complexity of the synthetic media, generation times were approximately 2 to 3 times longer, and maximum cell densities were 0.3 to 0.9 log10 lower than in ZoBell marine broth 2216. The fates of 14C-labeled amino acids in GAMS were monitored. Results suggested that H. neptunium was auxotrophic for methionine, utilized glutamic acid as a primary energy source, and readily anabolized and catabolized serine and aspartic acid. Individual amino acid concentrations above 125 mM induced prolonged lag periods, whereas only methionine was not growth limiting at a concentration as low as 2 mM.
Hyphomicrobia are stalked bacteria that reproduce by budding (5, 8) . One member of the group is Hyphomicrobium neptunium, which was originally isolated from seawater (11) . It has a relatively intricate diphasic life cycle that has been described previously (15) . Since its isolation, H. neptunium has only been cultivated either in complex, nonsynthetic media containing peptones and yeast extract or in vitamin-free Casamino Acids (7) .
The lack of a defined and minimal medium has restricted studies on the genetic control of morphogenesis. Furthermore, it has impeded attempts to organize the hyphomicrobia into distinct species (7) , such as those that require onecarbon compounds for energy and anabolism (e.g., Hyphomicrobium) and those that require more complex compounds (e.g., Hyphomonas). This report describes defined, minimal, and complete media that support good growth of H. neptunium.
( Primary stocks were maintained in Histowax-sealed deeps of marine broth 2216 (Difco Laboratories; 11.2 g/liter) containing 0.8% agar. Working slants were composed of marine agar 2216 (Difco) or minimal synthetic medium (see below). Hyphomonaspolymorpha, smooth and rough strains, originally isolated by Pongratz (14) , were a gift from P. A. Tyler. The smooth strain was maintained on marine agar, and the rough strain was maintained on Trypticase soy agar (Baltimore Biological Laboratory) enriched with 0.1% yeast extract (Difco) .
Chemicals. A total of 21 amino acids (L-forms were always used, and their abbreviations are keyed in the legend to Fig. 1 (Fig. 1) . Deletion of Phe, Thr, Tyr, Trp, Gln, and Cys from this medium permitted even more rapid multiplication and a higher final density.
When Asp, Glu, and Ser were excluded from the 15-amino acid medium described above, the growth rate was substantially slower and the final cell density was appreciably lower ( Fig. 1 and Table 2 ). Therefore, Asp, Glu, and Ser were tested to determine whether they alone could support H. neptunium growth. This organism did not multiply in the basal medium supplemented with these three amino acids (Fig. 1) .
The concentrations of these amino acids were also important ( To determine whether GAMS was the most minimal synthetic medium, each of three amino acids was deleted, in turn, from the pool (Fig. 2) . When Asp was deleted from GAMS, the maximum growth rate remained constant; however, this three-amino acid medium only supported a final density of less than 7 x 10i viable cells per ml (OD5w = 0.30), whereas the four-amino acid medium supported a final density of 1 x 109 viable cells per ml (OD5oo = 0.40). When either Glu or Ser was omitted, both the growth rate and final cell density were significantly diminished. Neither glucose nor succinate stimulated growth in GAMS, nor could either of these compounds replace any of the four amino acids. In view of these findings, GAMS was deemed a minimal H. neptunium growth medium. Cells transferred from the nonsynthetic medium to the minimal synthetic medium exhibited extensive lag periods averaging 40 h, based on microscopic cell counts.
A combination of 15 amino acids (as described for Fig. 1 , but at amino acid concentrations of 125 mM; Met, 2 mM) supported the shortest generation time and highest maximum H. neptunium density of all the tested synthetic media (Table 2) . Accordingly, it was designated complete synthetic medium. When it was inoculated with cells from identical complete synthetic medium and ZoBell 2216, lag periods were less than 10 and 18 h, respectively.
When the minimal synthetic medium was amended with any additional amino acid (or sets of amino acids, e.g., Lys and Pro) from the complete synthetic medium, the growth rate increased and the lag period was shorter. Growth (Tables  2 and 3) . Growth was not stimulated when GAMS medium was supplemented with thiamine hydrochloride, biotin, pyridoxine, or riboflavin. However, the addition of calcium pantothenate reduced the generation time and increased the final population density (Table 2) . Although it had no effect upon the duration of the lag period, growth was stimulated to such an extent that GAMS + calcium pantothenate (designated enriched minimal medium) has been frequently used for routine cultivation and for plate counts.
Neither strain of H. polymorpha grew in the minimal synthetic medium that supported H. neptunium growth. Both strains were cultivated on the complete synthetic medium but only when enriched with 0.01% yeast extract.
Growth rates of H. neptunium in GAMS. In marine broth, H. neptunium maintained a generation time of 2 h (Fig. 3) , which was consistent with previous observations (15) . In 2 mM Initially cells grew at a generation time of 3 h and then shifted to one of 9 h. In GAMS, however, the generation time was consistently 6 h. Starting with initial titers of less than i05 cells per ml, maximum viable cell densities reached 5 x 108/ml in 2 mM GAMS and 1 x 109/ml in GAMS, versus 9 x 109/ml in marine broth.
The stalks of cells growing in the synthetic media were 20% longer than those in the nonsynthetic medium. Otherwise Depending on the complexity of the synthetic medium, division times were approximately two to three times longer, and maximum cell densities were 0.3 to 0.9 logi0 lower than in nonsynthetic medium. The durations of the lag periods were lengthened as the amino acid concentrations were increased and, expectedly, as transfers were made from most to least complex media. Curiously, when H. neptunium was first transferred from modified ZoBell medium (16) to 2 mM GAMS, lag periods of up to 2 weeks were not uncommon, raising the possibility that those cells that finally thrived in GAMS were genetic variants. However, after long-term GAMS-cultivated cells were transferred back to the nonsynthetic medium for 2 months, they too exhibited an extensive dormant phase upon reinoculation into the synthetic media. Factors contributing to this lag period are being investigated.
Although the thrust of this study was to formulate a synthetic minimal medium for use in APPL. ENVIRON. MICROBIOL.
on November 6, 2017 by guest http://aem.asm.org/ Downloaded from genetic studies, some preliminary data on the physiology of these budding bacteria have been obtained simultaneously. H. neptunium (ATCC 15444) is probably auxotrophic for Met, since no other investigated metabolite could be substituted for it and since it is almost entirely used for protein synthesis. These findings contradict an earlier report that H. neptunium uses succinate as a sole carbon source (10) .
Like other ocean isolates (13), H. neptunium uses Glu as a carbon and energy source. Possibly, Glu is oxidatively deaminated to a-ketoglutarate which can then enter the trichloroacetic acid cycle (4). This hypothesis is consistent with an increase in the pH of the media during growth (J. A. Havenner, M.S. thesis, University of Maryland, College Park, 1976). Asp metabolism by H. neptunium also yields large amounts of C02. As in the case of Glu, Asp can be deaminated and oxidized to fumarate, which can then be utilized directly in the trichloroacetic acid cycle. Alternatively, Asp may also be used to synthesize other amino acids and nucleotides. It may well be that the diphasic growth of H. neptunium in 2 mM GAMS (Fig. 3) is caused by the depletion of Glu and the subsequent shift to Asp for catabolism. The observation that Glu provides much more energy per mole than Asp (4) could account for the longer generation times that typify the second phase of growth.
Ser also has a critical, although undetermined, function in the minimal synthetic medium. Nearly 80% of it is converted to C02, suggesting that it, too, may at least in part enter the trichloroacetic acid cycle. This would indicate that, unlike the Ci-to C2-requiring strains of Hyphomicrobium studied by Harder et al. (6) , H. neptunium can synthesize a functional pyruvate dehydrogenase complex.
Most conclusively, this study confirms (7) that H. neptunium relies exclusively on amino acids for carbon and energy. It may derive the most energy from the catabolism of Glu and auxotrophically require Met. Whether in situ strains are also Met dependent or whether a mutation occurred subsequent to the original isolation remains unknown.
Preliminary nutritional studies on the two strains of H. polymorpha indicate that their requirements differ from those of H. neptunium. Perhaps the Pongratz isolates (14) have a cofactor requirement as well as an amino acid requirement. In any event, based on this dissimilarity and on significant differences in outer antigenic determinants (D. Powell, M.S. Thesis, University of Maryland, College Park, 1976) , it is concluded that H. polymorpha and H. neptunium may conceivably be classified within the same genus but certainly not the same species.
The physiology of H. neptunium may be typical of other marine procaryotes that utilize the soluble amino acids that are repeatedly detected in the oceans (2, 3, 12) . Furthermore, it has been suggested that hyphomicrobia are epiphytes in algal slime layers (8) in which organic nutrients are even more concentrated. In such an environment, H. neptunium could metabolize the amino acids while it excretes NH3 and C02 which, in turn, may be assimilated by marine flora.
